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Analysis of isoforms of MM creatine kinase (CK) in plasma 
is being developed as a means for rapid detection of 
coronary recanalization in patients given tbrombolytic 
agents. To determine whether flow-limiting residual steno- 
sis typical of that seen in patients affects plasma isoform 
profiles, stenosis sufficient to preclude reactive hyperemia 
was induced in dogs before coronary occlusion, followed by 
recanalization in 2 h. Plasma activities of the MM CK 
isoform released from myocardium (MM,) and its two 
conversion products elaborated sequentially (MM, and 
MM,) were assayed in serial samples with a rapid quanti- 
tative chromatofocusing procedure. 
Reperfusion in 10 dogs shortened the mean intervals 
(*SD) to the occurrence of peak MM, activity (3.7 + 0.9 
h), peak MM, expressed as a percent of total CK activity 
(MM,%, 2.5 rt 0.3 h) and the maximal ratio of MM, to 
MM, (2.7 2 0.3 h) compared with results in 10 control dogs 
without reperfusion. Nevertheless, the appearance of these 
peaks was delayed by 8% to 57% when residual stenosis 
was present. In contrast, the rate of increase of MM3% was 
delineated before the peak, was fivefold greater with reca- 
nalization (1.19 f 0.46 versus 0.26 + 0.11% min-’ in 
control dogs) and was not attenuated by residual stenosis. 
Thus, this criterion appears capable of delineating recana- 
lization early after thrombolysis whether or not high grade 
residual stenosis is present. 
(J Am Co11 Cardiol1989;14:1067-73) 
Intravenous administration of thrombolytic agents has been 
shown to restore blood flow to ischemic myocardium in the 
majority of patients (1,2). Optimal treatment after its use, 
however, requires reliable and rapid assessment of the 
presence or absence of reperfusion. Criteria such as relief of 
chest pain, accelerated resolution of ST segment deviations 
on the electrocardiogram or sudden appearance of arrhyth- 
mias are not sufficiently sensitive or specific (3-6). Although 
reperfusion is reflected by the accelerated appearance of 
peak creatine kinase (CK) activity in plasma (7-lo), its 
detection by this criterion is slow because activity must be 
measured in samples obtained serially over prolonged inter- 
vals. 
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Recently, we (11,12) and others (13-15) reported that 
reperfusion might be detected promptly by changes in 
plasma subforms of the MM isoenzyme of CK. Because MM 
CK released from myocardium (MM,) is converted rapidly 
and sequentially to two other enzymatically active subforms 
distinguished by differences in isoelectric point (isoforms), 
MM, constitutes the smallest fraction of circulating MM CK 
under physiologic conditions (16,17). This increases the 
sensitivity of the MM, fraction for release of enzyme from 
infarcted myocardium, with marked changes occurring well 
before the occurrence of statistically significant elevations of 
plasma total CK activity (16,18,19). 
Preliminary data (1 l-15,20,21) have shown that reperfu- 
sion results in faster appearance and disappearance of 
plasma MM, than of total CK activity. However, some 
controversy exists over whether the rates of change or the 
timing of peak isoform changes should be utilized as indexes 
of reperfusion. It is also not clear whether high grade 
coronary stenosis, often evident after successful thrombol- 
ysis in patients (22), attenuates the washout of CK and might 
distort indexes of reperfusion based on analysis of plasma 
isoform profiles. Accordingly, this study was undertaken to 
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determine optimal criteria based on analysis of plasma applying strain to the arterial clamp. The occluder tubing and 
isoform profiles for rapid detection of reperfusion in the flow probe wires were passed through the fifth intercostal 
presence of high grade residual stenosis. Results from con- space and tunneled subcutaneously to the dorsal area before 
scious dogs subjected to reperfusion after 2 h of coronary exiting through cutaneous incisions. The chest was closed in 
occlusion with or without high grade stenosis were com- layers and evacuated. A catheter filled with heparin solution 
pared with those from dogs subjected to reperfusion in the was placed in an external jugular vein. Dogs were given 
absence of coronary stenosis and dogs with persistent coro- penicillin intramuscularly (20,000 U/kg) for 3 days after 
nary occlusion. surgery. 
Methods 
Animal preparations. Procedures were conducted in con- 
formance to the “Position of the American Heart Associa- 
tion on Research Animal Use” adopted November 11, 1984 
by the American Heart Association. Forty-one mongrel dogs 
weighing 20 to 30 kg were premeditated with subcutaneous 
acepromazine maleate (0.5 mg/kg body weight) and atropine 
sulfate (0.04 mglkg), anesthetized with intravenous pento- 
barbital (20 mg/kg) and ventilated with a volume ventilator 
supplying oxygen-enriched room air. An aseptic left thora- 
cotomy was performed in the fourth intercostal space, and 
the left anterior descending or left circumflex coronary 
artery was dissected distal to the first major branch. Either a 
snare occluder (n = 10) or a pneumatic occluder and a 
proximal Doppler flow probe (n = 31) were placed around 
the vessel, as described previously (1 I). In nine of the latter 
dogs, a 4 mm wide band of tygon tubing was placed around 
the vessel distal to the pneumatic occluder. The edges of the 
band were trimmed until their apposition maximally sup- 
pressed the hyperemic response to a 20 s coronary occlusion 
without affecting average flow velocity. The stenosis was 
fixed by suturing the edges of the band together. In eight 
other dogs, a device used later to induce coronary stenosis 
was placed on the artery. It consisted of a 4 mm renal artery 
clamp (Alko Diagnostic Corporation) with a catheter guide 
wire (0.038 mm) welded to the adjustment screw (Fig. 1). 
The clamp was anchored perpendicular to the artery, so that 
it could not turn and constrict the vessel. The free end of the 
wire was tunneled through the manubrium and subcutane- 
ously to a syringe barrel, where it could move freely without 
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Clamp Figure 1. Diagram showing the instrumentation of the 
left anterior descending coronary artery (inset) for acute 
coronary stenosis studies. 
Experimental protocol. One week after surgery, when 
CK activity in plasma had returned to the normal range 
(<lo0 IUlliter), the dogs were sedated with morphine (0.5 
mglkg given intravenously or 1.0 mg/kg given subcutane- 
ously). Those instrumented for studies of coronary stenosis 
were anesthetized with intravenous thiopental (12 mg/kg), 
followed by intravenous alpha-chloralose (60 mglkg), to 
facilitate catheterization of the left atrium and a femoral 
artery for measurement of myocardial blood flow with radio- 
labeled microspheres. Neither anesthesia nor cardiac cathe- 
terization had any effect on total CK activity in plasma, 
although slightly decreased CK activity was evident in all 
dogs given morphine, presumably because of muscular re- 
laxation secondary to sedation. In dogs with a screw clamp 
applied to the coronary artery, the end of the wire was 
exposed through a cutaneous incision and turned in incre- 
ments, with sequential testing of the reactive hyperemic 
response to 20 s coronary occlusions until the response was 
abolished. 
After lidocaine (30 mg) had been given intravenously, 
coronary occlusion was induced either by pressurizing the 
pneumatic occluder until blood flow velocity decreased to 
zero or by tightening the coronary snare. Additional 
lidocaine was given as needed to suppress ventricular tachy- 
arrhythmias. Reperfusion was implemented after 2 h by 
depressurizing the occluder. Myocardial blood flow was 
measured in dogs with coronary stenosis during ischemia 
and 1 min, 1 h and 24 h after recanalization with radiolabeled 
microspheres, as described previously (23). 
Heparinized blood samples (1.5 Ulml) were collected 
before coronary occlusion and recanalization, every 15 to 30 
min for 2 h after reperfusion and at 1 to 2 h intervals 
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Table 1. Myocardial Blood Flow* After Reperfusion in 10 Dogs with Coronary Stenosis 
Duration of 
Reperfusion 
Stenosis lschemia (%) I min Ih 24 h 
Acute (n = 5) 20.2 k 8.3* 106.9 ? 47.2 88.4 + 21.5 43.1 + 30.0 
Chronic (n = 5) 42.6 f 15.9t 93.5 + II.6 65.1 + 20.3 
*Mean values + SD of flow in the region supplied by the stenosed artery expressed as a percent of flow in a 
remote normal region of the left ventricle; tp i 0.05 compared with acute stenosis. 
thereafter. Samples were centrifuged immediately at 1,900 g 
for 10 min (4°C). Plasma was supplemented with 2- 
mercaptoethanol (5 mmollliter final concentration) and eth- 
ylene glycol bis(beta-aminoethyl ether) N,N,N’N’-tet- 
raacetic acid (10 mmollliter final concentration) to protect 
CK activity and prevent in vitro isoform conversion, respec- 
tively. Samples were frozen (-20°C) for assay of isoforms 
within 1 week. 
Dogs were returned to individual cages and were given 
access to water within 4 h of coronary occlusion. Anesthe- 
tized dogs regained consciousness 2 to 4 h later. Twenty-four 
hours after coronary occlusion, the dogs were anesthetized 
with intravenous pentobarbital (30 mg/kg), and 150 ml of a 
1% solution of triphenyltetrazolium chloride in 0.05 mol/liter 
phosphate buffer (pH 7.6) was infused intravenously to 
delineate zones of infarction. The heart was arrested with 
intravenous potassium chloride solution and excised for 
quantification of infarct size by planimetry of triphenyltetra- 
zolium chloride-unstained areas in ventricular sections, as 
described previously (11). 
Analysis of total CK activity and MM CK isoforms. Total 
CK activity was measured spectrophotometrically at 37°C 
with a coupled enzyme system (CK S.V.R.. Behring Diag- 
nostics) and a Gemeni miniature centrifugal analyzer (Elec- 
tronucleonics). Results were expressed as W/liter at 30°C. 
Isoforms of MM CK were separated by a minicolumn 
chromatofocusing assay that permitted accurate quantifica- 
tion of plasma isoform profiles within 1 h after acquisition of 
blood samples, as described previously (24). 
Calculations of rates of change of MM,%. Rates of MM, 
increase and decrease (expressed as a percent of total CK 
activity) were calculated during intervals showing maximal 
changes. In dogs subjected to reperfusion, the rate of in- 
crease in MM,% (per minute) was calculated as the differ- 
ence in MM,% before and 30 min after reperfusion divided 
by 30. In dogs with persistent ischemia, the rate of increase 
in MM,% (per minute) was calculated from the maximal 
hourly change before the time of occurrence of peak MM,%. 
The rate of decrease was calculated as the average hourly 
change during the first 3 h after peak MM-,% had been 
reached and before baseline values were reestablished. 
Quantification of coronary stenosis. The reduction of lu- 
minal cross-sectional area was assessed antemortem by 
coronary arteriography in dogs with radiolucent tygon bands 
around the coronary artery. In other dogs with stenosis, 
luminal area was quantified by postmortem morphometry as 
follows. The segment of coronary artery with the pneumatic 
occluder, flow probe and stenosis intact was excised and 
perfused for 2 h at 120 mm Hg with a solution of 10% 
phosphate-buffered formalin. After fixation, the instrumen- 
tation was removed and the artery was cut transversely into 
2 mm thick sections. Two sections from the stenosed seg- 
ment and one section each from the proximal and distal 
normal segments were embedded in paraffin. The embedded 
tissue was cut into 5 pm thick sections and stained with 
hematoxylin-eosin. Luminal areas of two to three micro- 
scopic projections from each segment were measured by 
planimetry, and the percent area reduction was expressed as 
the ratio of average area in the stenosed segments to the 
average area in the normal segments. 
Statistical analysis. Results are expressed as mean values 
2 SD. Analysis of variance with a repeated measures design 
was used to assess differences in isoform profiles between 
groups. Student’s unpaired t test was used for specific 
comparisons. A p value ~0.05 was considered significant. 
Results 
Study group. Seven of the dogs subjected to reperfusion, 
four of which had coronary constriction for 1 week (chronic 
stenosis), were excluded from the data analysis because they 
did not sustain detectable myocardial injury as assessed by 
plasma CK activity or triphenyltetrazolium chloride staining 
at autopsy. Three dogs that developed ventricular fibrillation 
after coronary occlusion and one with coronary occlusion 
occurring before the experiment were excluded as well. 
Thus. 30 dogs were studied, including those with persistent 
ischemia (n = 10). coronary recanalization after 2 h of 
ischemia without residual stenosis (n = lo), recanalization 
after 2 h with chronic stenosis (n = 5) and recanalization 
after 2 h with acute stenosis (n = 5). Sustained coronary 
artery patency after reperfusion was verified in each case by 
analysis of the signal from the Doppler flow probe and by 
measurement of myocardial blood flow in dogs with coro- 
nary stenosis (Table 1). 
Assessment of coronary stenosis (Table 1). Coronary ste- 
nosis induced for 1 week or immediately before coronary 
occlusion abolished the three- to fourfold increase in flow 
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Table 2. Characteristics of Plasma CK Activitv Profiles in 30 Dons 
Group 
Total CK MM, CK 
Time to Peak Activity Time to Peak Activity 
Peak* (h) (W/liter) Peak (h) (W/liter) 
Reperfusion at 2 h (n = 20) 
Chronic stenosis (n = 5) 
Acute stenosis (n = 5) 
No stenosis (n = 10) 
No reperfusion 
(n = IO) 
6.4 + 2.5$ 4,210 + 4,723 4.1 * l.l$ 1,348 2 1,365t 
7.4 2 0.9$ 1,842 + 1,105 5.8 2 l.lt 738 ? 436 
4.8 ” 1.2f 653 ? 401 3.7 2 0.9$ 245 -c 146 
12.0 2 2.3 2,065 ” 936 8.7 * 2.3 432 r 211 
*From onset of coronary occlusion: tp < 0.01, $p < 0.001 compared with no reperfusion. Data are reported as 
mean values ? SD. 
velocity observed after recanalization in dogs with normal 
coronary arteries. Measurements of myocardial blood flow 1 
min after recanalization in dogs with acute stenosis con- 
firmed the absence of transmural hyperemic flow in reper- 
fused myocardium. Coronary luminal area was reduced by 
94.0 + 3.8% in five dogs with chronic stenosis assessed 
angiographically and by 92.8 5 4.3% in five dogs with acute 
stenosis assessed morphometrically. 
CK activity profiles (Table 2, Fig. 2). In 20 dogs, recanal- 
ization after 2 h of coronary occlusion induced a prompt 
increase in total CK and tissue MM CK (MM,) activities in 
plasma, despite the presence of high grade stenosis in 10 of 
the dogs. Considerable variation was evident in peak CK 
activity and plasma activity profiles of total CK and MM,, 
reflecting the wide range of infarct size delineated by triphe- 
nyltetrazolium chloride staining of myocardium in dogs with 
reperfusion (1.8 to 38.4 g). Although prolonged modestly by 
residual stenosis, the time to peak total CK and MM, 
activity was shorter in all 20 dogs with reperfusion compared 
with values in the 10 control dogs without reperfusion. 
MM,% profiles (Table 3, Fig. 2 and 3). In contrast to the 
variation evident in plasma activity profiles of total CK and 
MM,, the temporal changes in the percent of total CK 
activity composed of MM, (MM,%) were remarkably con- 
sistent and prompt after recanalization. Peak MM,% was 
usually reached within 30 min after recanalization, a time 
period significantly shorter than that in dogs with persistent 
ischemia. Consistent with the early time to peak MM,%, the 
rate of increase in MM,% in plasma was nearly fivefold 
faster in the 20 dogs with recanalization than in the 10 
control dogs. More frequent sampling in control dogs did not 
reveal analogous abrupt changes in the MM,% profiles (data 
not shown). 
The rate of increase in MM,% not only was the earliest 
index of reperfusion, but also was the index least affected by 
residual stenosis of the recanalized artery. Other potential 
indexes that could be acquired later, such as the time to peak 
MM,% and the time to the maximal ratio of tissue isoform to 
fully converted isoform in plasma (MMJMM,), were atten- 
uated by stenosis. The rate of decrease in MM,% was 
prolonged markedly in dogs with acute stenosis. 
Discussion 
Results of several recent studies (11,15,20,21) have 
shown that analysis of isoforms of MM CK in plasma, 
Figure 2. Plasma profiles of total creatine kinase (CK) activity (A), 
MM, CK activity (B) and the percent of total CK activity composed 
of MM, (C) in five dogs subjected to coronary occlusion and release 
2 h later, with critical coronary stenosis induced acutely. 
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Table 3. Characteristics of Plasma MM,% and MM,/MM, Profiles in 30 Dogs 
Group 
Time to 
Peak* (h) 
MM,% 
Rate of 
Increase 
(min-‘1 
Rate of 
Decrease 
(h ‘1 
MMJMM, 
Rate of 
Time to Increase 
Peak (h) (min.’ x IO-‘) 
Reperfusion at 2 h (n = 20) 
Chronic stenosis 2.9 i- 0.7$ 1.47 i- 0.678 -11.6 2 6.1$ 3.4 2 I.lt 22.4 + 22.88 
In = 5) 
Acute stenosis 2.8 5 0.21 I.23 t 0.208 -6.3 2 3.6 3.0 i 0.6: 8.0 + 4.4 
(n = 5) 
No stenosi\ 2.5 + 0.3s; I.19 + 0.468 -12.9 i- 4.56 2.7 ? 0.35 13.4 + 6.5T 
(n = 10) 
No reperfusion (n = IO) 4.3 + I.5 0.26 t 0. I I -4.2 ir 2.7 4.5 2 1.4 2.6 _t I.8 
*From onset of coronary occlusion: tp < 0.05. $p < 0.01. $p < 0.001 compared with no reperfush. Data are 
reported as mean values f SD. 
because of the rapid turnover of the isoform released from 
myocardium (MM,), facilitates detection of the accelerated 
appearance of CK associated with reperfusion. However, it 
is not yet clear whether specific indexes based on isoform 
analysis are reliable as criteria of reperfusion in the presence 
of high grade residual stenosis. We (11) previously used the 
rate of increase of MM, expressed as a percent of total CK 
activity in plasma as an index of reperfusion because it 
changes promptly, markedly and consistently with reperfu- 
sion regardless of infarct size or the time of onset of 
recanalization after coronary occlusion. Others have de- 
tected reperfusion by analysis of the time to peak plasma 
MM, activity or time to peak ratio of MM, to fully converted 
isoform (MMJMM,) (13-15) or by analysis of the rate of 
decrease of MM,% (20.21). 
Major findings. The results of this study show that 
among several potential criteria of coronary reperfusion 
Figure 3. Plasma profiles of the percent of CK activity composed of 
MM, in dogs subjected to coronary occlusion and release after 2 h in 
the absence of coronary stenosis (n = 10) or with stenosis induced 
for 1 week (chronic, n = 5) or before occlusion (acute, n = 5), and 
in dogs subjected to persistent coronary occlusion (no reperfusion) 
(n = IO). Data are presented as mean values t 1 SD, 
Reperfusion 
No Stenosis a--a 
Acute Stenosis ??-e 
Chronic Stenosis A. -A 
No Repertusion 
0 0 
0 1 2 3 4 5 6 7 8 
Time (hr) 
based on analysis of isoforms of MM CK, changes in the rate 
of increase in MM3% are available earlier and are affected 
least by residual high grade stenosis in the recanalized 
artery. Compared with values in nonreperfused control 
dogs, reperfusion shortened the time to peak MM,% and to 
peak MM,/MM,, as well as the time to reach peak MM, 
activity and peak total CK activity evident later (Tables 2 
and 3). However, despite the earlier time to peaks that 
characterized reperfusion, differences were blunted by the 
presence of high grade residual stenosis (Tables 2 and 3, Fig. 
3). In addition. assessment of the timing of peaks requires 
analysis of at least three serial blood samples to ascertain the 
occurrence of a peak. In contrast, high grade stenosis did not 
attenuate the early rate of increase in MM,% delineated by 
analysis of isoform profiles with only two samples obtained 
shortly before and 30 min after the onset of recanalization. In 
the present study. the rate of increase in MM,/MM, did not 
appear superior to the rate of increase in MM,% as an index 
of reperfusion (Table 3). 
The rate of decrease in MM,% is a less satisfactory 
criterion ofreperfusion; it can be measured only late after 
recanalization. Furthermore, it was markedly attenuated by 
high grade residual stenosis (Table 3). Our results are in 
agreement with those of recent clinical studies (13-15) show- 
ing no significant difference in the rates of plasma disappear- 
ance of MM, in patients with and without reperfusion. 
presumably in part because of residual coronary obstruc- 
tions after recanalization in some patients (14). 
The absence of an effect of high grade residual stenosis 
on the rate of increase in plasma MM370 after reperfasion is 
surprising. but it corroborates results of several clinical 
studies (12-15). More severe stenosis sufficient to decrease 
average flow velocity at rest might impair the release of CK 
from myocardium. However, the reduction in coronary 
luminal area produced in our study is similar to that typical 
of patients after coronary thrombolysis (22). Factors that 
could account for rapid appearance of MM, in plasma 
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despite high grade stenosis in the recanalized artery include 
accelerated cardiac lymph flow (25) accelerated necrosis 
associated with reoxygenation leading to rapid release of 
enzyme (26) and collateral blood flow (27). 
Effect of collateral blood flow. To define the influence of 
coronary collateral blood flow on the rate of appearance of 
CK in plasma after reperfusion, we studied dogs with high 
grade stenosis induced for 1 week, which is known to 
enhance growth of native collateral vessels (28). Collateral 
flow was increased in five dogs with chronic compared with 
five dogs with acute stenosis, as evidenced by higher blood 
flow during ischemia (Table 2). However, there was no 
difference between dogs with acute and chronic stenosis 
with respect to the rate of increase in MM,% after reperfu- 
sion (Table 3, Fig. 3). Thus, as suggested previously (14), 
any degree of reperfusion may be sufficient to induce the 
rapid appearance of MM, in plasma and, hence, striking 
early changes in MM CK isoform profiles. In contrast, the 
rate of disappearance of MM, was less in dogs with acute 
compared with chronic stenosis, possibly because of im- 
paired washout associated with stenosis in the presence of 
limited collateral blood flow. 
Clinical relevance. Rapid differentiation of patients with 
from those without coronary recanalization after administra- 
tion of intravenous thrombolytic agents is needed to guide 
decisions regarding the use of potentially hazardous inter- 
ventions designed to enhance and maintain flow to ischemic 
myocardium. Although coronary angiography is the refer- 
ence standard, noninvasive approaches that are safe, fast 
and widely applicable are desirable. Our results support the 
view that analysis of isoforms of MM CK in plasma permits 
rapid and reliable detection of coronary recanalization (12- 
15) and indicate that changes in the rate of increase in MM,% 
early after reperfusion occur despite high grade residual 
steposis. The availability of a reliable noninvasive index of 
coronary recanalization based on assessment of the rate of 
increase in MM,% over as little as 30 min coupled with 
development of rapid methods for analysis of plasma iso- 
forms should facilitate subsequent management of patients 
given intravenous thrombolytic agents. 
We thank Larry Brown (Indiana University-Purdue University, Fort Wayne. 
Indiana) for making the adjustable arterial clamps, William Petty and Gina 
Vago for expert technical assistance and Ava Ysaguirre for secretarial 
assistance. 
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